We account for the late time acceleration of the Universe by extending the QCD color to a SU (3) invisible sector (IQCD). If the Invisible Chiral symmetry is broken in the early universe, a condensate of dark pions (dpions) and dark gluons (dgluons) forms. The condensate naturally forms due to strong dynamics similar to the Nambu-Jona-Lasinio mechanism. As the Universe evolves from early times to present times the interaction energy between the dgluon and dpion condensate dominates with a negative pressure equation of state and causes late time acceleration. We conclude with a stability analysis of the coupled perturbations of the dark pions and dark gluons.
Introduction
A confluence of cosmological data tell us that the Universe is currently accelerating (see e.g. [1] and [2, 3] and references therein). While the data can be explained with a cosmological constant, it is also possible that the Universe is dominated by a form of Dark Energy (DE) with a negative pressure barotropic index w ∼ −1. Another possibility is that general relativity is modified in the infrared (IR) admitting self accelerating solutions, and such models are still under active research [4] . In this work we take the position that the Einstein-Hilbert action is the correct IR description of gravity and the cosmological constant is zero, by some yet unknown mechanism. We present a model where DE emerges from an Invisible QCD (IQCD) sector due to the interaction of invisible pions and gluons which were present in the early Universe.
There are two ways to theoretically motivate an Invisible QCD sector: it has been known for a long time that the E 8 × E 8 Heterotic Superstring Theory, both in the weak and strong coupling limit necessarily gives rise to non-abelian gauge theories that do not directly couple to the standard model SU (3) c × SU (2) W × U (1) Y gauge group. While String Theory has this property, it is also possible to obtain a dark copy in another way, which corresponds to modifying general relativity by enlarging the spin connection ω(e) IJ µ to a larger group G ∼ SU (N ), which breaks to SU (2) × SU (N − 2) where the SU (N − 2) factor is identified with the dark sector. This philosophy was pursued in [5] . Here we take a phenomenological perspective and simply assume that this dark sector exists and focus on the cosmological consequences.
In this model, late time acceleration arises from extending the color sector of QCD to have an "invisiblecopy". IQCD has similar quantum field theoretic properties of QCD, in that it is confining in the IR. It is well known that pions arise as Goldstone modes associated to Chiral Symmetry Breaking (CSB), and in turn the microphysical description of CSB, the Nambu-Jona-Lasinio mechanism [6] , is a strongly coupled version of superconductivity induced by hard gluon exchange. A key feature of our DE model uses the same physics of CSB in the IQCD sector. During the matter and radiation era, the dark pions and gluons have negligible effects. However, we will show that at late times the interaction energy between the dark pions and gluons become more significant because they remain nearly constant, mimicking an effective cosmological constant. Through the consistency of the coupled field equations, this interaction energy naturally leads to late time acceleration and we find an interesting connection between the scale of CSB and the scale of DE.
The Theory
We assume that Chiral symmetry in the IQCD sector is broken at some scale f D corresponding to the mass of a dark pion (dpion) π D [18] . At the renormalizable level, such a hidden sector can communicate with the standard model only through gauge interactions: SU (3) c , SU (2) W or U (1) Y [7] [8] [9] . In this work, for clarity of presentation, we assume no gauge coupling to the standard model. However, this model can easily be extended such that the gauge-confined quarks are coupled vectorially to SU (2) W . The authors of Ref. [9] showed that a dark sector with purely vectorial coupling to the standard model has remarkable universal features. A specific parity symmetry (known as G-parity) acting only on the hidden sector fields is left unbroken and stable weakly interacting dark-pions become a compelling candidate for a dark-matter particle. It would be interesting to revisit the constraints on the coupling to the visible sector that is simultaneously consistent with dark-matter and DE. We find it intriguing that our model has the possibility of connecting late time acceleration to Dark Matter and will pursue this possibility in [10] .
The SU (N ) D gauge theory we are considering is assumed to have a behavior similar to QCD. The gauge coupling becomes strong in the IR limit, triggering confinearXiv:1602.06557v1 [hep-th] 21 Feb 2016 ment and chiral symmetry breaking at a scale Λ D . Below Λ D , the effective theory is described by "pions" which are pseudo-Nambu-Goldstone bosons (pNGBs) associated with the spontaneously broken global flavor symmetry of the hidden sector.
For concreteness and without loss of generality, we consider the subgroup, SU (2) L ×SU (2) R → SU (2) V with its gauge field A a µ , where a, b = 1, 2, 3 and µ, ν = 0, 1, 2, 3 are for the dark color and space-time indices, respectively. The gauge field strength F is
where abc is the totally antisymmetric Levi-Civita symbol, the structure constant of the SU (2) algebra. We are led to consider the most general gauge invariant action coupled to "dark quarks":
Here D µ stands for the covariant derivative with respect to the gravitational connection, γ µ = γ I e µ I and the metric field is decomposed in tetrad, namely g µν = e I µ e I ν , the inverse of which is denoted as e µ I and the internal SO(3, 1) indices of which are I = 1, 2...4. Given that we are working in a system where the dpion forms as a result of CSB, the decay constant f D is defined through the coupling of the axial current to the dpion. In particular, dpions can be created by the axial isospin currents.
Matrix elements of J 5 I a (x) between the vacuum and an on-shell dpion state can be parametrized as (see e.g. [11] )
where the chiral current is J 5 I a (x) = ψ(x) γ I γ 5 τ a ψ(x) and |π(p) is the pion condensate state with normalization
can be recast in terms of the dpion field as
We can rotate the expectation value of 0|J
within the internal Lorentz indices' space, so to accomplish an explicitly space-like axial vector with vanishing temporal component. The symmetry of the vacuum state on the FLRW background allows to further reduce (4) to a homogenous axial vector:
where π(t) ≡ ||π a (t)||, with respect to the internal indices. The interaction of the axial current with the gauge field L
a is therefore consistent with homogenous and isotropic metrics.
The low energy dpion effective Lagrangian reads
Consequently, the total effective Lagrangian reads 
Field Equations
Solutions to the field equations that are consistent with a FLRW background can be recovered once a rotationally invariant configuration for the gauge field has been implemented:
Thanks to (4) and (8), the energy-momentum tensor of the theory is isotropic and homogenous. In particular, the energy-momentum tensor associated to the interaction Lagrangian yields the remarkable feature of having a barotropic index w = −1, since energy and pressure densities respectively read
g denoting above the absolute vale of the coupling constant. This naturally leads towards a de Sitter accelerating phase of the Universe, as soon as the interaction term becomes dominant.
In the rotationally symmetric configuration (8) the gauge field-strength's components simplify and read
2 , having specified our system in co-moving coordinates 
The equation of motion for the dpion field is recovered varying (6) , within the assumption of spatial homogeneity. This is plausible, since a previous inflationary epoch of the universe can smooth out the dpion field. In the next section, we show that the dpion field remains homogenous against perturbations.
Using the decomposition in a homogeneous absolute value (in the internal space) times a space-dependent unit vector, i.e. π a = ||π a || n a = π(t) n a (x), we recover for the pion fieldπ
To gain some insight as to why we might expect to see late time acceleration, consider the slow roll regime of the dpion field, which is obtained by neglecting the acceleration term. In this approximation, when the dpion field exhibits an inverse scaling with time, π = π 0 a −1 (t), the equation of motion reduces to 3Hȧ
Solving this latter results in a power law acceleration of the Universe, namely H(t) t −1 , provided that π(t 0 ) = π 0 > > f D and, as customary when taking into account cosmological scalar fields, the slow roll condition holds: 3Hπ V > >π. When the interaction term
between the dpion and the gauge field is considered, we will see that this term persists to have a nearly constant energy density yielding a negative pressure equation of state. Finally, it is straightforward to show that a slightly different behavior in the time dependence of the dpion, i.e. π = π 0 a −n (t) with n > 0, would yield the same late time-behavior H(t) t −1 .
Late time acceleration is recovered when the gauge field asymptotically evolves in time as the scale factor, and the pion field approaches the constant value π f D . Below we show how these self consistent solutions to the equations of motion for the pion and gauge field can be recovered, by working in comoving coordinates and assuming the expansion of the universe to be given by de Sitter phase. Finally, given the non-linearities in the coupled differential equations, we pursue a numerical analysis of the full system of equations.
First we consider the energy density ρ and the pressure P for our low energy effective system that emerges from the dark sector, namely
where
and recall that the Friedmann equations are given by
Having derived the differential equations that govern the dynamical system, we can now proceed to solve it.
Field Dynamics. Unlike usual gauge field theories, where the gauge fields dilute during cosmic expansion, the coupling of the gauge field to the dquark current leads to a growth of its homogenous component. This can be understood from the inspection of the equations of motion on the FLRW background. The growth of the gauge field will generically occur as it scales with a(t), while the interaction energy ρ AJ = g φJ(a) remains nearly constant at late times. We can then get ahead with our purpose of solving the full dynamical system for the fields involved, so as to plot the evolution of barotropic index
Under customary assumption, we are able to solve for the coupled system of differential equations in the configuration space {φ(t), π(t)}, and to find solutions consistent with a de Sitter expanding phase. We assume in (11) the slow roll condition for π. Furthermore, we assume that at any time energy densities are dominated by the coupling of the gauge field to the axial current, ρ π < < ρ AJ and ρ YM < < ρ AJ , and show later that these assumptions are consistent with the solutions obtained. In this heuristic analysis, the dynamical system is analytically solved imposing initial conditions at recombination. From (11) and (15) we find
which asymptotically reaches the value π ∞ = f D , and in which c 0 is an initial constant. We can then solve for the gauge field, and within a similar assumption on its time derivatives than the condition imposed for π(t) we find
Both solutions (17) and (18) are monotonically decreasing and converge asymptotically towards values that are proportional to f D ; thus their product conspire to provide an accelerating solution well approximated by a de Sitter phase, the effective cosmological constant of which assumes the asymptotic value
Supernovae data, which entail at current times H 10 −42 GeV, are consistent with the asymptotic value for the gauge field A f D 10 −3 eV, the coupling constant g having been assumed to be order unity. This suggests a fascinating conclusion: cosmic acceleration is the result of CSB in the dark sector, since it occurs at the same scale of energy, i.e. M DE f D .
Conservation of the energy-momentum tensor is easily checked, and the attractor behavior of the solutions is also recovered. Indeed, specifying the numerical values g = λ = 0.1, the system of differential equations provides the unique fixed point:
Upon linearization, the first order dynamical system recast in term of derivatives in the variable N = ln a(t), provides a matrix the eigenvalues of which have negative real components. This ensures that the fixed point is an attractor, and that the system asymptotically converges towards a de Sitter phase. Finally, a more cogent numerical analysis corroborates the analytical investigations reported above. Related plots are shown in Fig.1 and in Fig.2 , which make evident the transition from a radiation dominated epoch (at the recombination z 1100) to our present time (z = 0) dominated by DE.
Perturbation Analysis. The analysis of perturbations can be developed on the FLRW background by implementing the choice of conformal coordinates g µν = a(η) 2 η µν . Varying action (7), we recover the gauge field equation of motion:
From the above equation, the gauge field spatial perturbations immediately follow:
The time component perturbations (denoted by = d/dη) of the gauge field are found to be: (10), (11) and (15) As stated above while using co-moving coordinates, the background solutions for A a j (η) are subjected to the gauge A a j (η) = A(η) δ a j , which reduces the spatial perturbation equation to
Taking the trace of the gauge-field perturbations and writing δA
Implementing the same gauge, we recover the equation for the perturbations to the dpion field,
We are interested in seeing if sub-horizon modes of the dpion field, (24), develop instabilities and cluster. Therefore we focus on wavelengths which are either sub-horizon or above the binding energy of the dpions involved, H> > | k| > >f D , by studying the evolution of plane-waves δπ( x, η) α(η) exp (ı k · x) solutions to (24). The equation of motion further reduces to α + 2Ha α + (
0, solutions of which are superpositions of spherical Bessel functions of the first and second type,
in which k = | k|, and are convergent to zero at late times for a proper choice of the initial conditions, α 1 ∈ R and α 2 = 0. Indeed, assuming λ < < 1 we see that subhorizon modes are oscillatory and bounded over all the time axis. This behavior mimics the behavior of superhorizon modes of scalar fields during inflation and is a consequence of the acceleration of space-time. Zero modes are constant and not evolving in time. We therefore conclude that all sub-horizon perturbations are suppressed. In future work we will perform a full perturbation analysis taking into account metric perturbations [12] .
Conclusion and Discussion.
We have provided a model of late time acceleration from minimal assumptions, in that aside from instantiating a dark non-abeilan copy, we have not introduced any new physics. In fact, we have employed the well known physics of the Nambu-Jona-Lasinio mechanism of chiral symmetry breaking in ordinary QCD applied to IQCD, which is well motivated from string theory. Late time acceleration emerges from the interaction between gravity, a chiral condensate and an invisible gluon that fills the universe today. A preliminary perturbation analysis shows that DE does not cluster on sub-horizon modes.
Finally, we leave to detailed investigations (see e.g. [10] ) the analysis of constraints on the coupling to the visible sector, and the eventual behavior as dark-matter of dquark and dpions in this scenario. Indeed we find intriguing that our model has the possibility of connecting late time acceleration to Dark Matter (see e.g. [15, 16] ).
